Nonunion bone defects occur frequently with local pain, functional limitations, muscular atrophy, and fistulas due to osteomyelitis. The application of mesenchymal stem cells (MSCs) could improve regeneration of bone following bone defects. The objective of the present study was to evaluate the treatment of a nonunion defect due to chronic osteomyelitis in a greyhound female dog with allogeneic adipose tissue-derived mesenchymal stem cells (AT-MSCs). The implanted cells were adherent to plastic, were of fibroblast type, and expressed the canine stem cell markers CD90 low , CD44 high , and CD45 -. Cell therapy consisted of five percutaneous weekly injections of 2 × 10 6 allogeneic AT-MSCs into the bone defect (total of 10 × 10 6 AT-MSCs). The patient was evaluated clinically and radiologically for up to 1 year. The results were clinical improvement, a light lameness score of 1 at week 16, return to use of its forearm, no pain, and increased muscular mass. No signs of osteomyelitis were observed radiologically and clinically there were no fistulas. There was no evidence of local or systemic adverse reactions caused by the alloimplants. The clinical relevance of the cell therapy contributing to repair of bone defects in small animals is a very promising future alternative. These results may have an important impact in new regenerative treatments for animal and human orthopedics.
Introduction
Bone is a tissue that has the ability to heal itself when fractured, but when bone defects are large or there is osteomyelitis, it fails to heal. The traditional treatment for osteomyelitis is broad spectrum antibiotic (ATB) therapy and a surgical debridement of the affected bone. Vascularization is decreased in fractures with osteomyelitis due to the infection and the damaged tissues. All the necrotic tissue should be removed and the periosteum perforated to increase the irrigation of the area. These procedures can be dangerous if too much tissue is removed and bone regeneration may not occur. [1] [2] [3] [4] The expanding need for bone reconstruction is paired with the growth of interest in tissue engineering. When bone defects fail to heal, cellular therapy with mesenchymal stem cells (MSCs) may be another therapeutic option.
It has been demonstrated that canine MSCs derived from adipose tissue (AT) express the MSCs markers CD39, CD44, CD73, CD90, CD117, and CD148a, do not express the hematopoietic markers CD34 and CD45, and possess the same capacity as bone marrow-derived mesenchymal stem cells (BM-MSCs) to differentiate into adipogenic, chondrogenic, and osteogenic lineages. 5, 6 The use of autologous and allogeneic MSCs led to increased healing of critical sized bone defects. 7, 8 MSCs implants enhanced the repair of experimentally submit your manuscript | www.dovepress.com Dovepress Dovepress 40 Yaneselli et al induced critical sized bone defects. 7, 9 The application of adipose tissue-derived mesenchymal stem cells (AT-MSCs) in canine clinical cases has been poorly documented. In one report, a dog with a nonunion bone defect received a percutaneous implant of autologous BM-MSCs, and after 8 weeks the patient was able to use its leg. 10 MSCs exhibit three characteristics -angiogenesis, 11 multipotentiality, 5, 12 and immunomodulation 9,13 -that makes them very attractive and suitable for tissue engineering purposes. Those cells could be used as an alternative to traditional treatment in veterinary medicine. 12, [14] [15] [16] 
Clinical case
A dog was admitted to the Veterinary Hospital of the University of Uruguay. It could not use its left forearm and had several fistulas on it. A nonunion fracture was observed clinically with muscular atrophy and pain in the area. Radiographs showed a nonconsolidated fracture of the left radius and cubitus with sites of osteogenesis, osteolysis, and osteomyelitis. No records were obtained for how old the lesion was since the dog was abandoned in the street. The animal was treated with the ATB Clindamycin for a month before it arrived at the Veterinary Hospital. Nevertheless, no improvement was observed by the new owners, and the fistulas and not being able to bear any weight in the affected forearm persisted. We hypothesized that the application of allogeneic AT-MSCs in the site of nonunion could generate a proper microenvironment for bone regeneration due to AT-MSCs role in angiogenesis, immunomodulation, and osteogenesis. The purpose of the study was to evaluate the treatment of a nonunion fracture and osteomyelitis with allogeneic AT-MSCs.
Materials and methods patient
A female greyhound dog approximately 3 years old (dental age assessment) had a nonunion of the radius and cubitus, presumably due to an exposed fracture that resulted in a chronic osteomyelitis ( Figure 1 ).
at-MsCs processing (isolation, expansion, and cryopreservation)
The allogeneic AT-MSCs came from the MSCs Bank at the Veterinary School, Uruguay. The AT-MSCs donor was a 10 year old female dog admitted for an ovariectomy. The AT extraction protocol was previously authorized by the National Experimental Animal Ethic Commission "Comisión Honoraria de Experimentación Animal." The primary culture of AT-MSCs was previously described 5, 17, 18 and briefly, 4 g of subcutaneous AT was collected, subjected to enzymatic digestion with collagenase type I at 1 mg/mL (Gibco ® , Life Technologies, Carlsbad, CA, USA). It was then centrifuged at 300 g for 5 minutes and the pellet was resuspended in Minimal Essential Medium (Gibco ® ) with 10% fetal bovine serum and 2% penicillin-streptomycin (Gibco ® ). The cells were seeded in a T25 flask and incubated at 37°C with 5% CO 2 . Cultures were observed daily and medium was changed every 48 hours. When the cells reached 80% confluency, they were harvested and expanded at 2 × 10 4 cells/cm 2 . 18 The expanded AT-MSCs were cryopreserved according to Martinello et al 5 .
Quality control of the at-MsCs
The MSCs used for therapy were fibroblastic, adherent to plastic, and were used between passages 2 and 4 (P 2 -P 4 ). The method used for isolation was described by Martinello et al 5 . The adherent cells were characterized by anti-CD flow cytometry.
Flow cytometry analysis of canine stem cells
Characterization of canine stem cells was conducted by flow cytometry. Canine AT-MSCs (P 2 -P 4 ) were detached by incubation in cold phosphate-buffered saline (PBS) with 1 mM ethylenediaminetetraacetic acid (EDTA) for 20 minutes on ice, and then scraped. Cells were washed with fluorescenceactivated cell sorting (FACS) buffer (PBS, 1% bovine serum albumin, 1 mM EDTA) and immunostained with 10 μL of each of the following antibodies: fluorescein isothiocyanate conjugated anti-CD45/LCA (CD45RO, clone UCHL1, Acris Antibodies, San Diego, CA, USA), phycoerythrin conjugated anti-CD90 (THY1, clone 5E10, antibodies-online, Atlanta, GA, USA), allophycocyanin conjugated anti-CD44 (clone IM7, Leinco Technologies Inc., St Louis, MO, USA), and their respective isotype controls (BD Bioscience, San Diego, CA, USA). After incubation for 30 minutes at 4°C in the dark, cells were washed thrice with FACS buffer before analysis. Acquisition was performed using a FACS Canto II (BD Bioscience) and data were later on analyzed using FlowJo software (Tree Star, Inc., Ashland, OR, USA).
at-MsCs processing for application
The cells were prepared as previously described, harvested when 80% confluent, and implanted between P 2 and P 4 . 5, 17, 18 Each implant consisted of 2 × 10 6 allogeneic AT-MSCs resuspended in 3 mL of PBS.
patient's care pre and post MsCs implants
All the procedures were in compliance with the guiding principles "Care and Use of Animals" policy of the Universidad de la República, Facultad de Veterinaria, Uruguay. For each of the implants, the animal was sedated intravenously with Acepromazine 1% (0.01 mg/kg), midazolam 0.5% (0.25 mg/kg), and ketamine 5% (5 mg/kg). The patient also received 2.5 mL penicillin-streptomycin (200,000 IU), potassium penicillin G, procaine penicillin G (600,000 IU), and 0.5 g streptomycin subcutaneously. One week before the MSCs therapy started, the animal was treated with Clindamycin (11 mg/kg orally every 12 hours) for 4 weeks.
Before each implant, the forearm was shaved from the humerus to the carpus, and thoroughly washed and cleaned with 70% ethyl alcohol. The affected area was located by palpation (it was painful) and the area of greater bone lyses identified by a radiograph. The 20 gauge needles were introduced until they reached the bone. The AT-MSCs were injected percutaneously (three injections of 1 mL each around the nonunion site), with a total of 10 × 10 6 cells in five implants. The efficacy of the treatment was evaluated clinically and radiologically over 1 year.
Lameness assessment
The lameness was assessed by clinical observation based in the matrix score 1 to 10 (with increasing numbers equating to more lameness) described by Summer-Smith 19 where 0 is normal, 1 is occasionally rejects bearing weight, 9 is bears weight when is standing up but rejects it when in movement, and 10 is not bearing weight at all. After the first implant the animal was clinically evaluated weekly up to week 5, and then studied clinically and radiologically at weeks 4, 8, and 16, and at 1 year. The clinical evaluation consisted of detecting signs of local inflammation (redness, edema, pain, increase in local temperature), enlarged lymph nodes, and presence of fistula. Signs of systemic reactions were also evaluated (body temperature, cardiac and respiratory frequency), as well as mucosae, skin color, and lymph nodes.
Results
The cells implanted were fibroblastic and adherent to plastic. Flow cytometry characterization of canine AT-MSCs used in the treatment showed expression of the canine stem cell markers CD90 low , CD44 high , and CD45 - (Figure 2) .
The dog had a positive clinical outcome as assessed by a lameness score. At week 0 it had severe lameness (score 10), at week 4 it had medium lameness (score 7 to 8), at week 8 it limped when walking but when standing up, it put all its weight on the affected leg (score 3 to 4) and had no fistulas, and at week 16 it had light lameness (score 1) and no fistulas ( Figure 3A) . At 1 year posttreatment it did not show fistulas, had no pain, and continued with a lameness score of 1. The radiological evaluation at week 16 showed a reabsorption process, regeneration, and bone remodeling with partial consolidation of the fracture (Figure 3B and 3C ). The radiographs (not shown) taken at 1 year posttreatment did not show much difference to those at 16 weeks. At 8 and 16 weeks, and 1 year after MSCs therapy, no adverse reactions were observed as there was no local or systemic evidence of inflammation. Also, after 8 weeks the owner did not observe signs of pain or lack of appetite. After 16 weeks the animal was more active and continued that way until the last evaluation at 1 year. 
Discussion
Nonunion associated osteomyelitis and an infectious process is usually associated with severe fractures. The traditional treatment recommended is a broad spectrum ATB and it is often necessary to remove surgically the necrotic and/or sequestered bone under general anesthesia and stimulate angiogenesis in the affected site. 1, 3 Vascularization of the osteomyelitis bone is decreased due to the infection and the damaged tissues. These procedures can be dangerous if too much tissue is removed and bone regeneration may not occur. [1] [2] [3] [4] Usually patients with osteomyelitis require ATB therapy for weeks or months. Clindamycin is a broad spectrum ATB commonly used in osteomyelitis, [20] [21] [22] and was the one used in this study prior to arrival at the Veterinary Hospital and during the first 4 weeks of cellular therapy. The ATB therapy alone used before arrival was not sufficient to clear the osteomyelitis. When the ATB therapy fails an alternative is cellular therapy with percutaneous injections of stem cells that requires only light sedation and is less invasive.
The International Society of Cellular Therapy (ISCT) states that in order to consider cells as human MSCs they must be fibroblastic, adherent to plastic, immunotypified, and have multilineage differentiation capacity. 5, 6, 23 Recently, Martinello et al 5 characterized canine stem cells derived from visceral adipose tissue. Stem cells were CD90 low , CD44 high , CD140 high , CD117 int , CD34 -, and CD45 -. Takemitsu et al 6 also found that the canine AT-MSCs were CD90 low , CD44 high , CD29 high , CD34 -, and CD45 -. Likewise, we found that the AT-MSCs used in this study were CD90 low , CD44 high , and CD45 -. Even though we did not differentiate them in vitro, the MSCs used in this study complied with all the other characteristics stated by the ISCT.
The number of MSCs used depends on the size and type of lesion. A total of 10 × 10 6 allogeneic AT-MSCs were transplanted at the site of nonunion in the greyhound dog. 10 were successful in treating a natural nonunion defect with a single percutaneous injection of 1 × 10 6 autologous BM-MSCs. There are few reports on the use of MSCs in chronic osteonecrosis pathologies. Allogeneic BM-MSCs systemically (intravenously) applied had stopped the osteonecrosis process. 9, 25, 26 These authors attributed the good results to the characteristics of immunomodulation, angiogenesis, and osteoprogenitor nature of the MSCs. 24, 25 Even though the routes of application of the MSCs were different, the results obtained in the present report can be compared as the infection of the bone was resolved, no more fistulas appeared, and the animal could bear weight in the affected forearm. Another chronic bone disease, osteonecrosis of the femoral head in humans, was successfully treated with BM-MSCs. 26, 27 As described by Zhao et al, 27 2 × 10 6 autologous BM-MSCs were implanted locally on the necrotic femoral head and there were reduced symptoms, osteonecrosis reverted, and there was no adverse reaction with the use of MSCs. Despite the differences in the treatments reported by other authors in number of cells and type of bone pathology, there is a point of agreement with the hypothesis stated in this study that the MSCs promote recovery of the patient. Also, these authors 26, 27 used clinical observation and radiology evaluations and the results were improvement in the quality of life of the patients. Normally, a noncomplicated bone fracture can heal in 8 weeks. In the present study there was an improvement in the patient's quality of life, with clinical evidence (no fistulas, light lameness, and could run) observed at 16 weeks and radiological evidence of bone regeneration. Similar studies had similar results between weeks 8 and 16 posttreatment in fractures treated with MSCs associated with a ceramic scaffold. 7, 9 The animal of the present report did not show adverse reactions to the AT-MSCs allografts (no local or systemic inflammatory response) at 8 and 16 weeks and 1 year posttreatment. These results are consistent with the findings of several other authors who, in canines, used implants of allogeneic 9,12 and xenogeneic 8 MSCs at 16 and 12 weeks, respectively, and noticed clinical improvement of the orthopedic defects and no evidence of adverse rejections. Arinzeh et al 9 detected allogenic MSCs at the bone defects at 8 weeks but not at 16 weeks. They attributed it to a process of apoptosis, but more studies are needed to prove it. In the present case we did not study how long the MSCs stayed at the site of implant, but from a clinical point of view, no adverse local or systemic effects were noticed. The improvement observed was significantly more from the clinical point of view than the radiological one. This could be due to the fibrous or fibrocartilage tissue filling the chronic bone defect that is not detected on X-rays until it is mineralized.
Conclusion
Cellular therapy applied on the nonunion fracture contributed to healing of the fistulas and bone regeneration and the patient started using the forearm. The repeated use of allogeneic AT-MSCs implants did not produce adverse reactions in the patient. As this study lacked an untreated control, we cannot be sure that only the cellular therapy was responsible for the clinical improvement. To best of our knowledge, this is the first report on the use of allogeneic MSCs based therapy of a natural clinical nonunion associated with osteomyelitis.
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